Using the event-related potential P3a component as a marker, the authors tested the efficacy of repetitive transcranial magnetic stimulation (rTMS) for reducing hyperarousability to specific threat stimuli in one Vietnam veteran with chronic posttraumatic stress disorder (PTSD), who exhibited an exaggerated P3a response to combat-related pictures. Twenty minutes of 1-Hz rTMS to the right prefrontal area effected a reduction in the P3a amplitude, whereas similar rTMS to the left prefrontal area did not. In addition to providing evidence for the effectiveness of right frontal rTMS for an exaggerated response to trauma-related stimuli, this study provides electrophysiological corroboration of subjective reports of PTSD symptoms.
(The Journal of Neuropsychiatry and Clinical Neurosciences 2011; 23: 40 -47) P atients with posttraumatic stress disorder (PTSD) display an atypical response to trauma-related stimuli.
1 PTSD symptoms such as physiological reactivity to trauma reminders, efforts to avoid those reminders, hypervigilance, and exaggerated startle response (DSM-IV) evince this disorder. Hyperarousal to inappropriate appraisals of threat 2 is one of the hallmark, and perhaps most debilitating, aspects of PTSD.
It is possible to obtain objective, physiological responses to visually-presented threatening stimuli at the electrophysiological level by examining event-related potentials (ERPs). The "oddball task" is the traditional paradigm for eliciting the P300 component. 3 The standard P300 task includes a class of target stimuli, which appears about 20% of the time and elicits the P300 response, and the standard stimuli, which appear 80% of the time. In a three-condition oddball task, the target still appears 20% of the time and requires that the subject give a response each time it occurs, thus requiring attention to these stimuli. The standard stimuli in this task are now displayed 60% of the time and require no response. The non-target probe is a novel stimulus that appears the remaining 20% of the time, does not require subjects' response, and is used to measure a subject's involuntary attention. In this task, the ERP related to the target is called a P300b, or P3b. The non-target probe also evokes a positive wave deflection with a peak latency earlier than that of P3b, which is maximal over frontal-area electrodes, and is called a P300a, or P3a. P3b has been proposed to reflect the intentional allocation of attentional resources to a target that a subject responds to, whereas P3a indexes the capture of attention to the novel, non-target probe. 4 An increased P300 response to novel or non-target stimuli has been established as a marker of a hyperaroused response or biased attention toward specific stimuli. For example, Miltner et al. 5 showed that, relative to ERPs of control subjects, spider-phobic subjects showed increased P300 amplitudes to color pictures of spiders, whereas snake-phobic individuals showed increased P300 amplitude to snake pictures. In a metaanalysis of ERP studies of PTSD, Karl et al. 1 concluded that P3a amplitudes to trauma-related distracter pictures were significantly higher in PTSD trauma-exposed groups than in non-PTSD trauma-exposed groups. Attias et al., 6 for example, conducted an ERP study of the hyperarousal response in PTSD, using a three-condition oddball task in which animal pictures were targets, combat-related pictures were distracter probes, and pictures of furniture were standard stimuli. The results showed that the probes elicited enhanced P3a in veterans diagnosed with PTSD, relative to a non-PTSD control group; but since there was no emotional control condition included, it was unclear whether the enhanced P3a related to combat pictures was due to their unpleasantness in general, or their combat-relevance. Subsequently, Stanford et al. 7 conducted a study with PTSD patients, using two separate three-condition oddball tasks. The two tasks were identical, except that one had trauma-related threatening words as probes, whereas the other used socially-threatening words as probes. They found that an enhanced P3a was elicited by trauma-related probes, indicating that trauma relevance, rather than unpleasantness, affected the involuntary enhanced attention to trauma-related stimuli in PTSD. Worth noting, however, is that although some studies have shown an increase in P3a with threatrelated stimuli, others have shown a decrease, reflecting the heterogeneity of expression of PTSD. 8 Orr, Metzger, and Pitman 9 reported a reduced ability to attend to task-relevant information and a reduced P3 response to trauma-related stimuli in PTSD patients. Araki et al. 10 found that, among survivors of the Tokyo subway sarin attack, those with PTSD showed significantly reduced P300 amplitudes, and this measure among the PTSD group bore a significant negative correlation with their scores in the C Cluster (Avoidance/Numbing) of the Clinically-Administered PTSD Scale (CAPS). The task used by Araki et al. did not include trauma-related stimuli. Shucard et al. 11 also investigated relationships between ERP components and CAPS subscores, but used neutral stimuli. Shucard et al. found that P3 amplitude was significantly correlated with hyperarousal subscores when both control subjects and PTSD patients were included, but this correlation did not reach significance among only-PTSD patients.
Treatment for the symptoms of PTSD has included psychotherapy, 12 pharmacotherapy, 13 and, more recently, repetitive transcranial magnetic stimulation (rTMS). 14 -17 Repetitive TMS is a safe, noninvasive procedure in which regional electrical activity in the brain is influenced by a pulsed magnetic field, generated by passing current pulses through a conducting coil placed on the scalp. High-intensity current is rapidly turned on and off in the coil through the discharge of capacitors, producing a time-varying magnetic field (1.5-2.0 Tesla strength) that lasts for 100 -300 sec. The time-varying magnetic field will result in current flow in neural tissue, thereby activating underlying cortex. 18 It is estimated that there is an approximately 2-cm. magnetic field penetration from the scalp surface. Repetitive TMS thus offers a noninvasive method for altering excitability of the brain. Evidence from electrophysiology studies of motor cortex indicates that low-frequency rTMS (frequency Յ1 Hz) is inhibitory, and high-frequency rTMS (frequency Ͼ1 Hz) is excitatory to underlying neural tissue. 19 Both high-frequency and low-frequency rTMS to both right-and left-frontal areas have been tested for efficacy in relieving PTSD symptoms. Rosenberg et al. 15 applied either 1-Hz or 5-Hz rTMS to the left dorsolateral frontal area 4 cm. rostral and 2 cm. lateral to the area where rTMS produced a motor evoked potential to the right abductor pollicis brevis (APB). There were no differences between the group that received the 1-Hz stimulation and the group that received the 5-Hz stimulation, but significant improvements on all six subscales of the Profile of Mood States (POMS) were observed. However, intrusions, or re-experiencing, a core symptom of PTSD, was not diminished. Cohen et al. 16 applied either 1-Hz, 10-Hz, or sham rTMS to the right dorsolateral frontal area 5 cm. rostral to the motor cortex, which was established as where rTMS application induced APB movement 5 out of 10 times. Twentyminutes of rTMS treatment per day for 10 days resulted in improvement on the Reexperiencing, Avoidance, and Hyperarousal CAPS subscores of the group that received the 10-Hz stimulation.
Davidson 20 has suggested that whereas the left hemisphere predominantly mediates approach-based, often positive, emotional responses, the right hemisphere mediates withdrawal-based, often negative, emotional responses. Right-hemisphere lateralization for negative affective responses has also been demonstrated for fear recognition, 21 and differential activation of the right hemisphere (as measured by PET [positron emission tomography] and fMRI [functional magnetic resonance imaging]) has been observed in adults who received repeatedly painful stimuli, 22 experienced unpleasant tastes, 23 or viewed photographs of negative emotional scenes. 24 This right hemispheric-negative emotion predominance is also consistent with lateralization of the threat-processing circuit for nonverbal object threatening sounds, as demonstrated by fMRI. 25 These consistent findings in both lesion-deficit and functionalactivation studies strongly suggest that the threatprocessing neural circuit is primarily lateralized to the right hemisphere for both the auditory and visual modality of threatening input.
The idea that stimulation of right-or left-dorsolateral frontal areas influenced different affective systems was supported by two cases reported by McCann et al. 14 Two women diagnosed with PTSD had been treated for their depressive symptoms with pharmacological regiments and high-frequency rTMS to the left-frontal area. One patient's symptoms were resistant to these treatments, and the other's anxiety symptoms became so severe that the treatment was stopped. In these two cases, however, frequent low-frequency (1-Hz) rTMS applications to the right frontal area resulted in significantly reduced scores on a modified PTSD scale, as well as subjective reports of improvement. Osuch et al. 17 also reported improvement in hyperarousal symptoms among PTSD patients when low-frequency rTMS was applied to the right frontal area 5 cm. rostral to the optimal site for producing a motor evoked potential in the left APB. In the Osuch et al. study, rTMS was applied to patients as they actively remembered their traumatic events. Electroencephalographic (EEG) 26 and SPECT (single photon emission computed tomography) 27 studies have shown that remembering the traumatic event has a greater effect in the right hemisphere than in the left. Cerebral blood flow to the right hemisphere increased more when PTSD patients were hearing trauma-related sounds, 27 and alpha power decreased more in the right hemisphere in PTSD patients while they were viewing trauma-related pictures, 26 whereas control subjects showed the opposite effect. However, in a study of healthy young adults, Coan and Allen 28 did not find the expected relationship between alpha desynchronization indicating rightward asymmetry and withdrawal-oriented tendencies, but did find the expected relationship between leftward alpha desynchronization asymmetry and approach-oriented tendencies.
On the basis of the results of the McCann et al. 14 and Osuch et al. 17 studies, we chose to examine the effect of low-frequency rTMS on the evoked P3a and P3b responses of one PTSD patient who exhibited a robust pre-rTMS P3a to combat-threatening stimuli. We applied 1-Hz rTMS to the right and left prefrontal regions for 20 minutes on separate occasions. Because of the decreased hyperarousal symptoms reported in previous studies, and using the P3a as a marker of that hyperarousal, we expected to observe a reduced P3a response to trauma-related stimuli after rTMS was applied to the right-prefrontal area.
METHOD Subject
The subject was a 58-year-old right-handed, married, male Vietnam War combat veteran, with 14 years of education. He had been diagnosed with PTSD and major depression, recurrent, by SCID (Structured Clinical Interview for DSM Disorders) criteria at the time of the study. The subject had no history of substance abuse and was a nonsmoker. His total CAPS score was reported as 68. His clinical presentation was marked by an intense, irritable affect, demonstrating significant hyperarousal and hypervigilance. He had been prescribed rTMS AND THREAT MEMORY venlafaxine 150 mg per day at the time of the study, and had had previous trials of nefazodone, paroxetine, and paroxetine-combined-with valproate. He had been admitted to an acute psychiatry unit twice and had participated in a 7-week PTSD residential program. At the time of the study, he was unemployed and was receiving full disability from the VA. Vietnam combat experience was documented by a combat-designated military occupational specialty. The Human Use Committee of the University of Arkansas for Medical Sciences approved the research protocol, and we obtained written informed consent from the subject.
Task
The Behavioral Semantic Memory Task was a pre-rTMS ERP evaluation of responses to 50 color photographs from the International Affective Picture Set (IAPS). The stimuli in the photographs consisted of objects or people. The 50 photographs included 10 combat-threatening stimuli that had IAPS arousal and pleasantness mean ratings of 5.73 and 3.00, respectively, and were authenticated to be associated with the Vietnam War. There were 10 animal-threatening photographs, with 5.91 and 4.39 mean ratings, and 30 non-threatening stimuli that were not animals or combat-related, with ratings of 3.32 and 5.82. Each stimulus was presented twice during the initial testing session. There were 100 total stimuli, with the ratio of 60% non-target distracter stimuli (non-threatening objects), 20% target stimuli (threatening animals), and 20% probe stimuli (threatening combat-relevant stimuli that represented items present in the Vietnam theater). The instructions in this task were to push a button with the right index finger in response to pictures of animals. The subject was instructed not to respond when the picture was not of an animal. The subject was not informed that any of the stimuli would represent threatening animals or circumstances.
Procedures
Behavioral Semantic Memory Task-The stimuli were presented on a color computer video monitor, positioned approximately 1 meter in front of the subject. The stimuli subtended less than a 10-degree angle. Each stimulus was presented for 1 sec., followed by a 1-sec. fixation point, yielding a 2-sec. interstimulus interval. The subject sat in a comfortable chair in a sound-attenuated room and was told to keep his eyes focused on the center of the screen.
While the subject was performing the Behavioral Memory Task, his EEG was recorded in order to examine the P3a ERP component to the threatening combat stimuli and P3b ERP component to the target threatening animal stimuli. EEG was recorded at four sites: F3, F4, P3, and P4, and was referenced to linked mastoids. EEGs and electro-oculographs (EOG) were amplified within a bandwidth of 0.03 Hz-100Hz and digitized at 256 Hz. A linear-regression correction procedure was applied to estimate and correct the contribution of blink artifact. Trials containing horizontal or vertical eye movements other than blinks were rejected, as were those with A/D saturation of baseline drift exceeding Ϯ50 V. Each epoch consisted of 125 msec. before the onset of the stimulus to 1,000 msec. after stimulus onset. Epochs for three conditions-correctly recognized target threatening animals, non-target combat-related probes, and non-target non-threatening objects-were averaged for each EEG session. Each ERP average comprised at least 16 epochs. P3a and P3b amplitudes were measured from 250 msec. to 400 msec. for combat-related probe averages and 300 msec. to 650 msec. for animal target averages.
rTMS Procedures
The rTMS sessions of this study were not initiated until 1 week after completion of the initial Behavioral Semantic Memory Test with EEG recording. The rTMS study consisted of four steps: First, the patient received a shortened version of the Behavioral Semantic Memory Task while EEG was recorded from four scalp electrodes-F3, F4, P3, and P4 -in order to assess immediate pre-rTMS ERP components. Second, the EEG electrodes were removed, and rTMS was applied to the right prefrontal cortex (PFC) at a frequency of 1 Hz for 20 minutes (1,200 pulses) . The rTMS was delivered at 100% of the motor threshold, which was defined as the stimulus intensity that induced visually perceptible movement of the ipsilateral APB with 5 out of 10 consecutive stimulus applications, 29 and was calculated for each rTMS session. After motor threshold determination, the stimulator coil was positioned 5 cm. anteriorly in the sagittal plane from the site of optimal simulation of the APB. The 1,200-pulse train was then delivered at 1 Hz at this PFC site. Third, and immediately after completion of the 20 minutes of rTMS, the electrodes were placed again on the patient's scalp at F3, F4, P3, and P4. Finally, the subject was administered a parallel version of the shortened Behavioral Semantic Memory Test for post-rTMS ERP measures. None of the stimuli presented in the pre-rTMS shortened Behavioral Semantic Memory Test was seen in the post-rTMS shortened Behavioral Semantic Memory Test. Each rTMS session took approximately 90 minutes to complete.
One week later, these same rTMS study procedurespre-rTMS Behavioral Semantic Memory Test, with EEG, rTMS to the PFC at 1 Hz for 20 minutes, followed by post-rTMS Behavioral Semantic Memory Test with EEG-were repeated, with the exception that the rTMS was administered to the left PFC.
RESULTS
There were no adverse events associated with this procedure. We first examined the P3a and P3b components of the ERP in each condition from the full Behavioral Semantic Memory Test administered before the rTMS study in order to determine the subject's baseline.
The ERPs from the initial baseline Behavioral Semantic Memory Test with EEG showed a very robust parietal P3b in the threatening animal target averages. The subject also exhibited a notably robust P3a for threatening combat-related stimuli as well. The subject's baseline was compared with his pre-and post-rTMS ERPs derived from EEGs recorded before and after the administration of rTMS to right and left PFC. This was to determine whether the rTMS to the right or left PFC modified the P3a for combat threatening stimuli, P3b for animal threatening stimuli, or both.
Repetitive TMS to the left PFC resulted in no notable differences in the P3a or P3b ERP. However, rTMS to the right PFC dramatically decreased the P3a response to combat-related stimuli (Figure 1 ) by 54% in the left frontal and parietal leads and by 80% and 60% in the right frontal and parietal leads, respectively. The robust P3b response to the threatening animal target stimuli was not affected.
DISCUSSION
By using the P3a as a marker of hyperarousal, the present study of one PTSD patient showed a transient reduction in the exaggerated response to trauma-related visual stimuli after an application of lowfrequency rTMS to the right-frontal area, whereas ap- The left panel shows the waveforms from left-and right-frontal (top) and parietal (bottom) electrode sites before the application of 1-Hz repetitive transcranial magnetic stimulation (rTMS). The black waveform depicts the response to standard stimuli; the red wave is the response to the animal target stimuli; and the blue waveform is the response to the unattended combat-related stimuli. The top portion of the right panel shows the reduction in the P3a to unattended combat-related stimuli after rTMS application to the right frontal area, whereas the bottom portion shows that little change occurred after the rTMS application to the left frontal area. plication of low-frequency rTMS to the left-frontal area resulted in no noticeable change in the P3a. These findings supply electrophysiological correlates to the changes in subjective report of PTSD symptomatology observed in other studies of rTMS application to the right-frontal area. 14, 16, 17 Of note, Cohen et al. 16 showed significant improvement in patients' PTSD symptoms by using high-frequency rTMS, and McCann et al. 14 and Osuch et al. 17 showed significant improvement in PTSD symptoms using low-frequency rTMS. Brighina et al. 30 found increased intracortical facilitation in migraineurs after application of low-frequency rTMS, which contrasted with the decreased facilitation observed in the control group as well as in groups in previous rTMS studies. 19 Brighina et al. 30 attributed this group effect to poor inhibitory circuitry subserving a hyperexcitable cortex in migraineurs. Although a group effect was observed, examination of individual subjects' responses revealed that not all subjects showed an increased facilitation. Rossi et al. 31 pointed out that referring to the immediate effect of rTMS as a "virtual lesion" 32 strongly suggests that rTMS is at least interfering with brain function. Thus, the findings of McCann et al., 14 Cohen et al., 16 and Osuch et al. 17 imply that interference of right frontal lobe function via rTMS can temporarily ameliorate the neural underpinnings of the hyperarousal response to threatening stimuli in some patients with PTSD.
The present study, as well as previous PTSD studies using rTMS, applied the stimulation to the lateral frontal area 4 cm.-5 cm. anterior to where stimulation evoked an APB response. The specific area of the cortex that would be affected by magnetic stimulation can only be approximated, given the variation of brain topology from one individual to the next. The observed decrease in P3a amplitude to non-target, trauma-related stimuli could have been due to a decrease in activation of the dorsolateral prefrontal cortex (dlPFC; BA 9/46), which has been shown to be active in a variety of tasks, including retrieval of autobiographical memories. 33 Emotional autobiographical memories have been shown to elicit more activity in the right dlPFC area in women. 34 Deactivating the uncontrolled intrusion of autobiographical memories 31 that mark PTSD could result in an attenuated attentional capture, whose electrophysiological correlate is the smaller P3a response.
The right ventral lateral PFC (vlPFC) and inferior frontal gyrus (BA 44, 45, 47/12) 35 have shown a strong association with cognitive and emotional inhibition.
Baudena et al. 36 argued that the cortical area around the inferior frontal sulcus was the diffuse but highly integrated source of the frontal P3a, and that these areas' role in the orienting of attention was consistent with the attention-related variance demonstrated in the P3a component. Ermutlu et al. 37 subsequently contended that the P3a was one of the markers of a multi-staged gating system whose gating efficiency is compromised under stress. Similarly, functional MRI (fMRI) studies have shown the vlPFC to be more active during tasks that require active suppression of distracting stimuli. Greater distraction, as with trauma-related stimuli, requires greater vlPFC activity. Morey et al. 38 found that, relative to combat veterans without PTSD, combat veterans with PTSD showed more activation in the right vlPFC when viewing trauma-related stimuli during a visual working-memory task. This suggested that the inhibition of emotionally distracting stimuli required more effort in the PTSD group. The increase in the vlPFC activation was associated with decreased activation in the dlPFC and with increased activation of the amygdala. This was interpreted as the emotional distraction, signaled by amygdalar activation, being actively inhibited by vlPFC activation, which drew attentional resources away from the task at hand, as indicated by the decreased activation of the dlPFC.
A general principle describing the frontal lobe is the reciprocity of connections between frontal areas. The ventral PFC areas are richly connected to lateral PFC and amygdala. 39, 40 Although the neural pathways engaged in processing threatening and fear-inducing stimuli are likely input-modality dependent, 25 ,41 the final common pathway appears to include two common brain regions: the right ventromedial frontal lobe and the amygdala. The engagement of these two regions in the threat-memory processing circuit has been detected by using lesion and pharmacological inactivation techniques in rats 42, 43 and by using PET and fMRI with humans. 44, 45 The right ventromedial frontal region has been purported to gate the access from object-recognition systems to the amygdala, where the fear or threat response is mediated. 25, 46, 47 Some studies have suggested that the hyperarousal abnormalities in PTSD are related to dysfunction in this frontal-amygdalar relationship, suggesting that such dysfunction is associated with impaired responses to emotional facial stimuli, 48 symptom provocation, 49 or working memory 50 in PTSD patients. These studies are typified by decreased activity in the medial inferior frontal region and concurrent increase in the amygdala (but see also, for example, Zubieta et al. 51 ). Although the limitations inherent in a single subject study must be acknowledged, the findings of the current study imply that interference with right frontal lobe functioning 31 can temporarily ameliorate the neural underpinnings of the hyperarousal response to threatening stimuli in some patients with PTSD. The degree of rich and reciprocal connectivity among the dorsolateral, ventrolateral, and ventromedial prefrontal cortex, as well as their relationships to the amygdalaall of which have been found to be dysfunctional in individuals with PTSD (see, for example, Morey et al. 38 and Rauch et al. 52 )-provides a complex combination of paths by which the rTMS interference may have affected the hyperarousal response. Future study should engage in establishing the specific roles of the relationships among the right-frontal areas in the range of PTSD symptomatology. The use of the ERP P3a marker as an objective electrophysiological measure of the subjective reports of hyperarousal symptoms in this study extends previous findings 14, 16, 17 of the efficacy of right-frontal rTMS application in attenuating the symptoms of PTSD.
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